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Introduction 53
Microbial infections played a key role in shaping life on earth and have been a major selector for 54 the evolution of all present species. Evidence exists that demonstrate infectious diseases were 55 already present in our remote ancestors. 1, 2 Considering the impact of Mycobacterium tuberculosis 56 (MTB), in all probability it has had a greater influence on the genetic selection of the Homo sapiens 57 population than any other infectious agent. 58
The molecular identification of human pathogens in ancient human remains has recently opened 59 new scientific fields that provide considerable insight into the history and evolution of host, 60 pathogen and their interaction. This allows us to track changes in the ancestral tubercle bacillus as 61 it became more and more exposed to the internal environment and immune system of its human 62 host. Conversely, it is possible to track changes in the genes of the human population that confer 63 resistance or susceptibility to disease over time. 64 TB is related to population density, 3 transmitted from human to human living in close contact. 65
However, the origin of the disease, the earliest hosts of MTB and its evolution remain unclear. The 66 evolution of the bacteria cannot be considered in isolation. It is important to realise how TB has 67 influenced the human development over the millennia, particularly our resistance/susceptibility 68 genes. MTB experienced an evolutionary bottleneck when it became an obligate pathogen and has 69 a clonal relationship with different human lineages.
4 Subsequent co-evolution has resulted in the 70 majority of TB infections being latent. In past eras of low human population density, MTB adapted 71 over time in response to host-adaptive changes and vice versa. This process, which can be 72 defined as mutualism, is a biological interaction between individuals of two different species where 73 both individuals derive a fitness benefit. As the host becomes more resistant, strains better able to 74 colonise the resistant host will predominate, thus starting off another cycle. More virulent MTB 75 strains will attack their human host, killing the most susceptible and leaving the more resistant as 76 survivors. However, when human populations were sparse, this could break the chain of 77 transmission of the pathogen. The development of antibiotics has shortened the mutualistic cycle 78 significantly, but the combination of HIV co-infection, antimicrobial therapy and increased global 79 human population density is leading to the emergence of some MTB strains that are both more 80 transmissible but also more virulent. 
Significant findings 108
With the first reported finding of MTB DNA in ancient skeletons based on amplification of a small 109 (123 bp) DNA target that was specific for the MTB-complex 11 a new era of research into microbial 110 pathogen evolution became possible. In addition to skeletal remains, calcified and mummified 111 tissues also proved to be good sources of MTB ancient DNA (aDNA) in a computer analysis comparing a library of defined species, the highest similarity was from M. 120 africanum (82.3%), then M. tuberculosis -MTB (76.6%), with M. bovis having only 72.7% similarity. 121
The original aDNA findings in the Pleistocene bison were confirmed ten years later by finding 122 species-specific MTB cell wall lipid biomarkers.
14 We have used this method of independent 123 confirmation of our MTB aDNA findings since 1998 15 because lipid analysis uses methods based 124 on the direct detection of femtogram quantities of target molecules, with no need for any
amplification. This is a more rigorous method of independent confirmation than sending part of the 126 specimen to another laboratory for analysis. 127
128
The Pleistocene bison contained MTB-complex aDNA but the particular lineage has not yet been 129 identified. The earliest known human MTB was detected and characterised in samples from the 130 submerged Neolithic site of Atlit Yam, a 9000-year-old settlement submerged in the sea off the 131 coast of Haifa in Israel. 16 The findings were confirmed by lipid analysis and the preservation was 132 sufficiently good that it was possible to confirm that the MTB had experienced the TbD1 deletion, 133 found only in human lineages. This is of particular significance as this was a Pre-Pottery site with 134 the earliest evidence of animal domestication in the Levant. 135
We were fortunate as a group to secure samples from two large collections of natural mummies 136 -one from the 18 th to early 19th century from Vác, Hungary and the second from early Christian 137
Nubia dated to 500-1400 CE at Kulubnarti in Northern Sudan. The importance of these collections 138 was that the DNA preservation is well above average as in both locations the bodies were naturally 139 mummified with no chemicals used. Indeed, the Kulubnarti material demonstrated co-infections of 140 MTB with Leishmania spp, and using the Hungarian material, it was possible to determine the main 141 MTB genetic lineages and perform molecular typing. 17 Our work on the Pleistocene bison together 142 with the Hungarian Vác mummies was cited and assisted in developing the hypothesis proposed in 143 an excellent early paper on MTB evolution by Brosch et al. Ain es-Sultan refugee camp area, where ancient Jericho (Tel es-sultan) ~4000 BC has yielded 150 MTB aDNA, which has been confirmed by lipid analysis. The infecting pathogen was from a TbD1-151 deleted MTB lineage. At present a metagenomic study on this specimen is in progress at 152
McMasters University. 153
The Hungarian mummy project based on 265 bodies, most wholly or partially mummified, from a 154 sealed crypt, is unique as there is contemporaneous archival information about many of the 155 individuals. This enabled the identification of some family groups and also made it possible to 156 study TB in a large population from a fixed period and single location. 12 It was possible to type the 157 MTB aDNA within a family and to show that each member was infected with a slightly different 158 strain. 17 Recently, lung tissue from the older daughter in this family group has been shown by non-159 enriched whole genome sequencing, to contain two different strains of MTB, with apparent 160 sequential deletions, that appear to be ancestral to a modern outbreak strain in Germany. 19 In 161 contrast, MTB aDNA was found in a calcified lymph node from the mediastinum of a 95-year-old 162 mummy, where initially all tissues were negative but an X-ray showed the calcified node. This
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demonstrates that in this well-preserved group of mummies it is possible to identify cases of active 164 and of latent infection. 20 It was these finding that led to our interest in host susceptibility and 165 resistance genes. 166
Host susceptibility and resistance 167
In addition to the retrieval of the pathogen DNA, a pilot study is investigating the genes believed 168 to be responsible for susceptibility or resistance to the disease to determine if these genes differ in 169 any way between those who were infected and those who appear immune. The study of the host 170 susceptibility/resistance factors in the mummies and their descendants will give information on the 171 role of host genetics in the pathogenesis of infectious disease, and contribute to the design of new 172 therapeutic strategies. The study involves two host targets, the SLC11A1 gene (previously named 27 Other studies of host susceptibility and resistance genes have 210 indicated that different human lineages may exhibit differing susceptibilities to TB infection. 28 There 211 is also limited evidence that genetic expression may vary according to sex and age. 29 An intriguing 212 finding is that human genetic susceptibility varies according to the differing clinical forms of TB. (Table 2) . 25 The promoter microsatellite 215 polymorphisms of the SLC11A1 gene look encouraging as patterns are emerging (Table 2 ). Both 216 the KIR and SLC11A1 studies are on-going and results will be disclosed on completion. 217 218
Conclusions 219
This study seeks to show the progress that has been achieved in paleomicrobiological research 220 over the last two decades and indicates its contribution to the study of human pathogen co-221 evolution. Understanding the adaptations that the host and the pathogen have undergone through 222 history, together with the resistance/susceptibility adaptations, may shed light on future interactions 223 of humans with MTB. It is highly important to understand the process of mutualism -the biological 224 interaction between individuals of two different species, where each derives a fitness benefit -in 225 the present era of personalized medicine. 226
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